Pre-packed small scale chromatography columns are increasingly used for process development, for determination of design space in bioprocess development, and for post-licence process verifications. The packing quality of 30,000 pre-packed columns delivered to customers over a period 10 years has been analyzed by advanced statistical tools. First, the data were extracted and checked for inconsistencies, and then were tabulated and made ready for statistical processing using the programming language Perl (https://www.perl.org/) and the statistical computing environment R (https://www.r-project.org/). Reduced HETP and asymmetry were plotted over time to obtain a trend of packing quality over 10 years. The obtained data were used as a visualized coefficient of variation analysis (VCVA), a process that has often been applied in other industries such as semiconductor manufacturing. A typical fluctuation of reduced HETP was seen. A Tsunami effect in manufacturing, the effect of propagation of manufacturing deviations leading to out-of-specification products, was not observed with these pre-packed columns. Principal component analysis (PCA) showed that all packing materials cluster. Our data analysis showed that the current commercially available chromatography media used for biopharmaceutical manufacturing can be reproducibly and uniformly packed in polymer-based chromatography columns, which are designed for ready-to-use purposes. Although the number of packed columns has quadrupled over one decade the packing quality has remained stable.
Introduction
Pre-packed columns or ready-to-use laboratory chromatography columns have been on the market for about one decade and have become very popular for process development and a posteriori evaluation of design space [1, 2] . Such columns are used to reduce time for packing, which can be very tedious. Time savings is the major criterion for why pre-packed columns are widely applied in biopharmaceutical industry. It is assumed that the performance does not change over time and that consistent lots can be produced. These columns are often used to corroborate findings which have been made with automated systems either by parallel chromatography in robotics systems [3] or by adsorption measurements in microtiter plates [4] [5] [6] . For ready-to-use disposable columns, column construction must be simple and inexpensive. Adjustable pistons like adaptors are too expensive for this purpose. Therefore, a precise amount of chromatography medium must be packed into the column, which requires knowledge and skill in column packing. The performance of the packed columns is also checked by the manufacturer before sale. The customers assume that all ready-touse columns display the same packing quality and can be applied without re-checking the packing quality. Interestingly, the quality can change to certain extent over time.
Manufacturing systems can be divided into 4 major models, transformation operations, operations of modification of structure, information operations, and transfer operations [7] . We can also assume that the same principles of manufacturing variations apply to column packing as used in other industry areas. Column packing can be considered as a transformation operation.
In principle, chromatography media can be categorized according to the backbone: (1) dextran; (2) synthetic polymers such as acrylamide or polymethacrylate; and (3) inorganic materials such as silica, hydroxy apatite, or controlled pore glass [8] . Many methods have been described for column packing taking into account the nature of the backbone. The influence of packing procedures on packing quality of small columns is still not fully understood [9] . Semi-rigid chromatography material is easier to pack than rigid particles and soft material such as Sephadex G-25 or Biogel [10] [11] [12] . Slurry packing under flow (flow packing) is routinely used for packing of chromatography material based on soft natural and synthetic polymers. The column is packed under a higher flow rate and pressure than applied during separation. Rigid particles are often dry-packed, but this depends on the particle size. The beads are filled into the column and are then compressed, a process also known as axial compression [13] [14] [15] [16] [17] . Such axial compression can be also applied for slurry packing, but is not feasible for ready-to-use columns because a piston is not part of the construction. Vibration of the column during packing may help to improve packing density. This technique has been successfully practiced for many years [18] [19] [20] .
The standard parameters for controlling the packing quality of columns on all scales are HETP (Height Equivalent to a Theoretical Plate) and asymmetry [21, 22] . HETP is a parameter which is independent of column length but depends on size of the particle, pore size, pore size distribution, particle porosity, velocity and the solute which is used for the experiment. When material dedicated for protein solution is tested with a small molecule tracer then the pore, pore size, pore size distribution and particle porosity is of less concern, because the molecules have a very high effective diffusivity. Asymmetry is another very good parameter to quantify the packing quality because it indicates if the packing density close to the column wall is lower or higher than in the center of the column. It is also a measure of the exponential wash out caused by extra column volume [23] . The experimental conditions to measure HETP and asymmetry must be standardized with respect to applied solute and velocity. It is also well known that the method of peak fitting may influence the outcome, e.g., graphical peak integration, numerical integration or fitting of the peak by a model function and calculation of variance and retention time based on the model. In addition to the experimental conditions, the data evaluation must be highly standardized in order to compare packing qualities among different experiments [24, 25] .
In order to see trends in a material property, a simple trend analysis can be performed. A simple but very effective way is to plot the property over time to visualize changes. The variation of the data can be assessed by, e.g., principal component analysis, which may help to identify co-variances. We received the performance data of 30,000 packing experiments of ready-to-use columns. Different chromatography media designed for purification of proteins and other large biomolecules were packed under standardized conditions. For each medium, an optimal procedure was developed by the column packing company. The packing quality was tested by injection of an aliquot of acetone and the retention time and peak width were determined from the peak profiles. The same procedure was used over the entire production period of approximately ten years. The injection of a small tracer molecule was selected since due to the large pores, only the hydrodynamic dispersion was measured. This dispersion is only influenced by the packing quality and the extra-column dispersion including the dispersion by the header and adapter.
An enormous challenge of this study was the extraction of the huge quantity of experimental data obtained from column testing. A proprietary closed-source software (Eurochrom) had been used to originally test the columns and to store the corresponding results. Eurochrom stores the data in a binary format and does not provide an API (application programming interface) that enables accessing the data via another program. Consequently, the column data could only be retrieved via Eurochrom's GUI (graphical user interface). For a small number of samples, a manual export is possible. However, the manual data export of 30,000 test runs which had been stored in 550 Eurochrom databases spread over 535,000 binary files was a very time consuming and error-prone process. Therefore, a computer software program was written in the programming language Perl with the module Win32:GuiTest which emulated mouse events and key strokes of a human computer user and utilized Eurochrom's GUI to automatically retrieve the column test data that had been generated over a period of ten years. After extraction, the data were read into the statistical computing environment R (https://www.r-project.org/) where the data was further processed, summarized, and visualized. Principal component analysis [26] was used to find the directions of the largest variations of the data, to visualize present structure in the data, and to detect outliers. This paper provides a useful and practical example of how preparative chromatography with ready-to-use columns can be standardized.
Materials and methods

Chromatography workstation and column packing
A chromatography workstation from Knauer, Berlin, Germany was used. The workstation was controlled by the Eurochrom software, which also handled data storage and peak analysis. Columns were packed by slurry packing under vibration.
Determination of HETP
HETP was measured by injection 50 l of acetone or sodium nitrate and the UV 218 nm response was recorded. The chromatographic workstation automatically determined the number of plates N. From retention time (t) and N (N = 5.54* (t/W 0.5 ) 2 ) determined from the peak width measured at half peak height (W 0.5 ), the peak width ( ) was calculated by
An effective plate number was used for the data evaluation
where t is the retention time, t 0 the dead time and 2 the variance. Height equivalent to one theoretical plate (HETP) is defined as
with 2 the variance, L the column length, and the first peak moment. Reduced HETP (h) is obtained by dividing HETP by the particle diameter (d p ).
Asymmetry (A s ) was calculated at 10% peak height [27] with
a the width of the front part of the peak divided at peak maximum and b the width of the rear part. Reduced velocity was calculated as
with u the linear velocity, and D 0 the molecular diffusivity of the tracer molecule.
Data extraction
Test runs of approximately 30,000 columns were performed over a period of ten years using the proprietary closed-source software Eurochrom by Knauer GmbH. The Eurochrom software only runs on Microsoft operating systems (Windows XP and Windows 2000) and is no longer maintained. All column data records were stored in Eurochrom databases. Eurochrom databases use binary files to persistently store and retrieve data of the tested columns. All binary files belonging to a single database are located within a single directory. The name of a directory is identical to the database name. In total, 550 databases comprised approximately 535,000 binary files. The format specification of Eurochrom's binary files was not available.
Hence, we implemented a computer tool in the programming language Perl (https://www.perl.org/) which emulates a human computer user. Perl is a freely available high-level programming language that runs on all relevant operating systems, such as Linux/Unix, Mac OS, and Microsoft Windows. We used Strawberry Perl (http://strawberryperl.com) for this study. The implemented Perl program controls the input devices (keyboard and mouse) of the computer and is, therefore, able to perform any task that a human user can do. The core element of our program was the Perl module Win32:GuiTest which is available at CPAN Comprehensive Perl Archive Network (http://www.cpan.org/). CPAN is a huge repository of Perl modules that contains more than 150,000 freely available Perl modules.
The principle workflow of our program was as follows:
• The final output of our program was 30,000 exported report files and took approximately six days to complete. The output files of our program were simple plain text files which (a) can be edited by any text editor and (b) can be easily processed by any scripting programming language, such as Perl or Python. In a post-processing step, the 30,000 data files were aggregated to a single text data file. During this aggregation process the data records were checked for plausibility and any invalid data record was removed before the statistical analysis was started.
Emulating a human user is an extremely challenging task. This is especially true if the emulator has to react to unexpected events. For instance, dialog windows which might pop up at any time to inform the user about available security updates can easily result in a malfunction that (a) stops the automatic process of data extraction and (b) in the worst case, can irreparably damage the computer system by -for instance -accidentally deleting essential files. In order to avoid any unwanted side effects, we took the following measures: (i) uninstalled any software not required for the extraction of the column data; (ii) disabled all automatic notifications; (iii) implemented a feature that tracked the successfully exported databases and allowed us to restart the extraction process at the point where an error has occurred; and (iv) ran the data extraction on a virtual machine. A virtual machine has the advantage that the entire file system of the virtual machine is a single file on the host machine. Hence, backing up and restoring a virtual machine can simply be done by copying a single file on the guest machine. We used VirtualBox (https://www.virtualbox.org/) by Oracle for our virtualization approach. The virtual machine was running Windows XP and the host machine used a Linux Ubuntu 14.04.
Data analysis
The data were read into R where duplicate entries and entries with missing information were removed. After these polishing steps, the data contained 24,951 chromatography runs. The available variables included time, chromatography material, particle size, column diameter and length, retention time, injection time, number of plates, and asymmetry. Additional variables such as reduced HETP and reduced velocity were calculated. Particle diameters were obtained from the manufacturer's information of the individual media. The data were summarized and visualized for each particle size, backbone, functional mode, and size of the columns. The 30 most frequently used chromatography materials in this study are listed in Table 1. The Supplementary material Table  sub1 shows all materials included in the data.
A mosaic plot is a graphical display that allows one to examine the relationship among two categorical variables. The mosaic plot starts as a square with unit length one. The square is divided first into horizontal bars whose widths are proportional to the probabilities associated with the first categorical variable, in this case year. Then each bar is split vertically into bars that are proportional to the conditional probabilities of the second categorical variable, i.e., backbone and functional mode of the chromatography materials.
The size of the tiles is proportional to the cell frequency, i.e., the materials per categories, which have been tested per year. The cells are shaded in proportion to standardized residuals from the log-linear model that year and category (backbone and functional mode) are independent in this dataset, which is, of course, not the case. Thus, tiles shaded in dark blue are significantly larger than expected whereas tiles shaded in dark red are significantly smaller than expected.
Principal component analysis
In principal component analysis (PCA) [26] , a set of possibly correlated variables is converted by an orthogonal transformation to a set of uncorrelated variables called principal components. The number of principal components is less than or equal to the number of original variables. The first principal component accounts for as much of the variability in the data as possible, and each succeeding component, in turn, has the highest variance possible under the constraint that it is orthogonal to the preceding components. Here PCA was used to find directions of the largest variations of the data, to visualize present structures in the data, and to detect outliers.
Results and discussion
After data extraction and checking for inconsistencies, exploratory data analysis was performed. A trend analysis was generated showing the reduced HETP (h) of all chromatography materials irrespective of functionalization and backbone over a period of ten years (Fig. 1) . The values of h were always in the range of 5 with slight variations over time and a decrease in the year 2012 and 2013. Data collection was stopped after January 2015.
To prevent the possibility that the frequency of the individual chromatography materials within a certain time period could influence h, mosaic plots were generated.
We did not observe a clear trend that a single functionality was packed particularly often ( Fig. 2A) . However, we were able to detect several other trends. The most material was packed in 2013 and 2014 whereas in 2007 the least amount of material was packed. In the first years, lesser amounts of AF, AIEX and CIEX materials were packed whereas more HCIC and MMC materials were packed. The mosaic plot of materials according to backbone also showed trends (Fig. 2B) . Compared to the other resin types, agarose-based materials were less frequently packed in the first 4 years and in the last year. Cellulose-based resins were packed more frequently in the first 4 years and polymethacrylate and poylvinlyether-based materials were increasingly applied during later years. Inorganic material was frequently packed in the beginning and then only rarely thereafter.
We then investigated if different categories showed differences in h in order to determine if the inhomogeneous frequency of materials influenced the data. Plotting h versus particle size allowed us to evaluate the quality of packing (Fig. 3A and B) . Values of h did not Fig. 1 . Trendline of 24,626 ready-to use columns over a time span of 10 years. 325 columns with reduced HETP larger than 10 were not displayed in this figure.
depend on the particle size over a wide range, because theoretically one should obtain the same value assuming the reduced velocity (ReSc) is the same for all runs. In the present study, experimental conditions for measurement of HETP were selected in a way that the results can be expected to fall within the hydrodynamic dispersion region, v < 15, and not in the mass transfer limited region, v > 100 (Fig. 4) [28] . The pore size was at least 100 times larger than the size of the tracer molecules acetone or sodium nitrate, because all tested media are intended for separations of proteins and other large biomolecules. The velocities were in a moderate range so that a low reduced velocity can be expected. The same solute was used for one resin over the entire time period and the peak integration method was always identical. Thus, two major sources of error due to varied experimental set-up or data treatment can be excluded and observed variations can be assigned to packing quality only. The obtained results indicated that the smaller particles were more difficult to pack (Fig. 3A) . It is a compromise to pack small particles in a ready-to-use column. A relevant difference cannot be observed for particles larger than 50 m although all media showed significantly different values of h. This is simply explained by the large data set and because h is a unique feature of each chromatography material (Fig. 3 ). Resins with a particle diameter larger than 50 m displayed values of h smaller than 5, except for 51.5, 74.5 and 136.5 m particles, which were all Sephadex G-25 products. Sephadex G-25 is a very soft material with a substantial bed compression. This may be an explanation for this behaviour. Slightly different packing procedure has been proposed, but this method cannot be implemented in a large scale high throughput industrial packing line [10] .
For the intended purpose of protein chromatography, the columns can be considered as well packed when h is in the range between 3-15 as shown in Fig. 1 . For the actual experiments with proteins and other large biomolecules the columns will be operated in the mass transfer limited regime, where reduced velocity v is >100 and reduced HETP h for this class of molecules is >100. This is exemplified in Fig. 4 where the data are plotted together with reduced HETP h for proteins. The presented data for proteins have either been taken from the literature or from our own experimental results. Although columns can be considered as well packed for the intended purpose, the trends were investigated in more detail according to the categories of chromatography media sorted by their modes of functionalization (Fig. 5) . The hydrophobic or electrostatic character of the beads may prevent a full consolidation of the bed to which extent the functionaliztation has an effect is not fully understood [29] . It is well understood that tamping or vibration improves bed consolidation [19, 20] . This practice has been applied for all media, but dynamic axial compression cannot be applied for these small ready-to-use columns. The ready-to-use columns are not intended for high resolution separation, most frequently they are used for confirmation of screening results obtained with even smaller columns or batch adsorption studies made, for instance, in microtiter plates. Therefore, the determined packing quality of these ready-to-use columns serves the intended purpose. To gain greater insight, the data were also categorized according to the nature of the backbone. For each category of backbone, a much more detailed picture was obtained than when all packing data were pooled and analyzed. The backbone gave the biggest contribution to the packing quality. Although not fully understood, the density and surface roughness of the chromatographic media is determined by the nature of the backbone which can be composed of inorganic material, natural polymer, and organic polymer. Analyzing media of different backbone materials but the same functionalization (Fig. 5A) provided a more heterogeneous picture as compared to media of the same backbone differing in functionalization (Fig. 5B) . Hydroxy apatite (HA) is difficult to pack [30] , thus the variation in reduced HETP h is large but still within an accept- The size of the tiles is proportional to the cell frequency, i.e., the materials per categories, which have been tested per year. The cells are shaded in proportion to standardized residuals. Tiles shaded in dark blue are significantly larger than expected whereas tiles shaded in dark red are significantly smaller than expected. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) able region for protein chromatography (Fig. 5A) . Sorting all data by functionalization and year revealed a similar pattern for each year (Supplementary material Fig. sub2 ). This observation corroborated the trend-line shown in Fig. 1 . We also plotted the reduced HETP (h) in relation to column volume, to examine if column size had an effect on packing quality (Fig. 6) . No trend was observed; h did not change with column size.
A trend line was also generated for the asymmetry (Fig. 7) showing that this performance parameter was stable over the past ten years. The asymmetry is influenced by extra column band spreading and thus is influenced by the size of the column. The asymmetry clearly decreased with increasing column volume (Fig. 8) . This effect could be caused by either extra column effects or because small columns are more difficult to pack. We have previously shown that up to 90% of the peak broadening in small columns is generated by extra column effects [23] .
Principal component analysis was applied to investigate the structure of the data. In order to reduce the huge data size of almost 25,000 datapoints all (1116) unique resin-diameter-length combinations were formed and mean values for reduced HETP (h) and asymmetry were used as metric parameters in PCA together with particle size, column diameter and length. A biplot (Fig. 9 ) presents both the observations and variables of a matrix of the multivariate data on the same plot. The data are projected on two principal com- ponents (PC), in this case the first and second PC are used, which accounts for 64% of the variance explained. The direction of the variables, here reduced HETP (h), asymmetry, particle size, column length, and diameter, are given by the blue arrows. The farther away from the center an observation is located, the larger the impact of the closest variable on the observation. The observations are all placed in one big cloud with single outliers in the directions of all variables. This PCA showed that all packing materials clustered very well.
Theoretical analysis from Schure and Maier [31] showed that the column packing procedure must prevent the formation of defective sites leading to inhomogeneous packing rather than aiming for the highest packing density. Guiochon and colleagues concluded that a "well packed column is not optimal packed, it is reproducible" [32] . In this respect, the investigated large number of columns were well packed over an impressively long period of time, 25,000 columns over ten years.
Conclusion
The statistical evaluation of the quality parameters of reduced HETP and asymmetry of 25,000 different ready-to-use columns showed they were well packed. Variations in reduced HETP were higher than variations in asymmetry, which is influenced by the column geometry and design. The functional mode did not influence the packing quality. However, we observed a connection between packing quality and the composition of the resin backbone. Asymmetry slightly decreased with increasing size of the column. For their intended purpose as ready-to-use columns, reproducible packing quality has been observed over one decade, since these types of columns became commercially available.
